Retained austenite affects the low-temperature tensile properties of Fe-14Cr-(4~9)Ni weld metal through strain-induced martensite transformation. The strengthening process caused by strain-induced martensite transformation is evaluated in terms of work-hardening-rate. By means of this result, the effect of retained austenite on elongation is interpreted. Strength-ductility balance is found to be strongly influenced by retained austenite at low temperature.
Introduction
Strain-induced martensite transformation (SIMT) has been widely investigated for several decades. This research confirms that SIMT can effectively enhance the uniform elongation and strength-ductility balance (Ref [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . By utilizing this benefit, TRIP steels have been developed. However, the improvement of material behavior is not available at all temperatures. Studies Fe-14Cr-(4~9)Ni weld metal of 980MPa grade is being developed for matching high strength base metal. Its high strength is designed result from martensite. As to its low-temperature tensile properties, we hope to incorporate the design concept of convention al TRIP steels, i.e., using the effect of SIMT of retained austen ite, to improve them. However, there are several char ac ter is tics differing from conventional TRIP steels as follows:
(a) to ensure weldability, carbon content of weld metal must be restrict ed, usually <0.05%; (b) to maintain high strength, initial amount of retained austenite is low. Therefore, the effect of SIMT is much weaker than in conventional TRIP steels. Moreover, since the new weld metal is usually designed to serve below 313K (less than M s ), beyond the aforementioned optimum temperature range, whether the beneficial effect of low carbon retained austenite is available is uncertain.
In the present study, we focus on the developed Fe-14Cr-(4~9) Ni weld metal, and investigate the effect of SIMT of retained austenite on its low-temperature tensile properties.
Experimental
Five steel plates (12mm thick) listed in Table 1 were used as base metal. According to the carbon content, they are classified into three series: 0.01wt%C (14-1-1 and 14-1-6), 0.045wt%C (14-5-3 and 14-5-6) and 0.026wt%C (14-3-2) . For the former two series, the amount of retained austenite was adjusted by varying the nickel content.
Weld metal was prepared by melting the base metals with an elec tron beam using the welding conditions given in Table 2 .
Weld metal has the same chemical composition as base metal.
For the chemical composition used, martensite transformation occurred in the cooling processes, but not completely in 14-1-1, 14-5-3 and 14-3-2, and an amount of austenite was retained. The amount of the retained austenite at room temperature was measured with conventional magnetic technique (Ref 12) . Since the welding processes were performed in vacuum, the weld metals are free from oxidation and contain extremely low oxygen, and thus usually denoted as "clean weld metal".
Round tensile specimens of weld metal with 4mm diameter and 20mm gage length were machined along the cross-section center of the weld bead. Their longitudinal direction is parallel to the weld bead.
Tensile tests were carried out at a speed of 0.01mm/sec at 293K, 193K, and 77K, respectively. The effect of SIMT of retained austen ite on tensile properties is revealed by comparing the tensile properties of weld metals with or without retained austenite.
Results and discussion

Weld metal
As shown in Table 3 , 14-1-6 and 14-5-6 weld metals are only composed of martensite, and 14-1-1, 14-5-3 and 14-3-2 weld metals (abbreviated to 14-1-6, 14-5-6, 14-1-1, 14-5-3 and 14-3-2 in the following) of martensite and retained austenite. The initial retained austenite content at room temperature is given in Table 3 .
Since compositions except for nickel content are the same for 14-1-1 and 14-1-6, 14-5-3 and 14-5-6, it is rational to regard 14-1-6 and 14-5-6 as the parent phase (martensite) in 14-1-1 and 14-5-3, respectively. Figure 1 depicts the nominal stress against nominal strain for (a) 14-1-1 and 14-1-6, (b) 14-5-3 and 14-5-6 and (c) 14-3-2 at 293K, As aforementioned, 14-1-6 and 14-5-6 represent, respectively, the parent phase of 14-1-1 and 14-5-3, and thus the stress-strain curves of 14-1-6 and 14-5-6 show the mechanical properties of martensite (i.e. parent phase) in 14-1-1 and 14-5-3, respectively.
Tensile properties
For 14-1-6 and 14-5-6, stress rapidly increases over a small strain range and then slowly increases to the maximum stress. This indicates that the work-hardening of martensite, i.e., the parent phase of 14-1-1 and 14-5-3 is dominant in the initial stage, but after that significantly decreases. On the contrary, for 14-1-1, 14-5-3 and 14-3-2, work hardening gently increases up to the tensile stress. Apparently, this steady-stress variation is attributed to the presence of soft phase retained austenite. indicating that the strengthening by SIMT in weld metal is weaker than that in conventional TRIP steels.
Mechanical stability of retained austenite
The retained austenite in the weld metals transformed into martensite in the tension processes. To investigate its mechanical stability, we measured its content in the uniformly deformed part beyond the necked area of a broken specimen, and the results are given in Figure 2 . Because deformation concentrated in the necking region instead over the whole specimen after the onset of necking, the maximum elongation experienced for the uniformly deformed part of the broken specimen equals to the uniform elongation (i.e. the elongation at the onset of necking).
Test temperatures for the tensile tests were 293K, 193K, and 77K in this study. Table 3 Figure 6 shows the yield stress (0.2% proof stress) and tensile stress of 14-1-1, 14-1-6, 14-5-3 and 14-5-6 at 293K, 193K, and 77K, respectively. Both yield stress and tensile stress increase with decreasing temperature. Dual phase weld metal (14-5-3 and 14-1-1) has lower yield stress than single phase weld metal (14-5-6 and 14-1-6) due to the presence of retained austenite.
Effect of retained austenite on tensile properties
Strength
Dual phase weld metal has lower tensile strength for 0.01%C weld metal, but higher one for 0.045%C weld metal. Figure 2 shows that initial retained austenite partially transformed into martensite before necking, and ~13% of austenite is still retained in 14-1-1 at the onset of necking. As a result, 14-1-1 has lower tensile strength than 14-1-6.
However, contrary to 14-1-1, although there is ~12% of retained austenite at the onset of necking in 14-5-3, its tensile strength is still higher than that of 14-5-6. As we know, SIMT accompanies with volume expansion. To accommodate it, plastic deformation occurred, and inevitably increasing the strenght of the matrix and the newly formed martensite. TEM examination showed that high density dislocations exist both in the strain-induced martensite and the matrix around it (Ref 9). The greater the matrix strength is, the more pronounced the hardening caused by the volume expansion is. Therefore, hardening in 14-5-3 with greater carbon content is much stronger than that in 14-1-1 with low carbon content. This intense hardening suppresses the weakening due to the presence of retained austenite, resulting in a greater tensile strength for 14-5-3. It can be concluded that retained austenite lowers yield stress, but its effect on tensile stress is dependent on its strengthening intensity.
Elongation
Elongation from the beginning of tension to final failure is Tension specimen generally deforms uniformly over the whole gage length at the first stage, and at an elevated strain level local necking begins to occur at a local site. If the local necking cannot be suppressed, it will advance continuously and extend to a macro necking. If the strength of the local site suddenly increases, the local necking will be suppressed, and local necking will shift to another local site at an elevated stain level. If successive local neck ing is suppressed over a strain range, macro necking is retarded, and thus uniform elongation is increased.
As described in the former sections, SIMT strengthens the trans for mation-happening site and its neighboring matrix, satisfying the mechanism of enlarging uniform elongation. In the strengthening process, strengthening intensity and strengtheningworking range (i.e., strain range) are two critical factors. If strengthening intensity is weak, local necking cannot be suppressed; and if strengthening-working range is short, obviously uniform elongation cannot be improved over a large strain range.
It should be noticed that not all strengthening over the whole tensile process is effective to enhance uniform elongation. The strength ening intensity at and after the moment at which local neck ing will occur is critical, before that moment hardly suppressing local necking. Strengthening-working range mentioned above means the strain range keeping enough strengthening intensity after that moment.
It has been known that the difference between single and dual 
Strength-ductility balance
Product of TS and T.El is used to evaluate strength-ductility balance. Figure 8 gives the relationship between TS T.El and temperature. There is no significant change in the range of 293K~193K except 0.01%C weld metal, but at cryogenic tem pera ture dual phase weld metal shows excellent strength-ductility balance. The improvement of strength-ductility balance by SIMT at 77K is mainly attributed to the elevated T.El.
Conclusions
The effect of retained austenite on the properties of Fe-14Cr-(4~9)Ni weld metal with carbon content of 0.01%~0.045% was investigated, and can be summarized as follows.
(1) Existence of retained austenite lowers yield strength, but doesn't inevitably decrease tensile strength.
(2) Improvement of uniform elongation by strain-induced martensite transformation is determined on the combined effect of intensity and range of strengthening. Threshold exists for the strengthening intensity, below which strain-induced martensite transformation cannot improve the uniform elongation. 
